Acquisition of the trace element copper (Cu) is critical to drive essential eukaryotic processes such as oxidative phosphorylation, iron mobilization, peptide hormone biogenesis, and connective tissue maturation. The Ctr1/Ctr3 family of Cu importers, first discovered in fungi and conserved in mammals, are critical for Cu ؉ movement across the plasma membrane or mobilization from endosomal compartments. Whereas ablation of Ctr1 in mammals is embryonic lethal, and Ctr1 is critical for dietary Cu absorption, cardiac function, and systemic iron distribution, little is known about the intrinsic contribution of Ctr1 for Cu ؉ permeation through membranes or its mechanism of action. Here, we identify three members of a Cu ؉ importer family from the thermophilic fungus Chaetomium thermophilum: Ctr3a and Ctr3b, which function on the plasma membrane, and Ctr2, which likely functions in endosomal Cu mobilization. All three proteins drive Cu and isoelectronic silver (Ag) uptake in cells devoid of Cu ؉ importers. Transport activity depends on signature amino acid motifs that are conserved and essential for all Ctr1/3 transporters. Ctr3a is stable and amenable to purification and was incorporated into liposomes to reconstitute an in vitro Ag ؉ transport assay characterized by stopped-flow spectroscopy. Ctr3a has intrinsic high-affinity metal ion transport activity that closely reflects values determined in vivo, with slow turnover kinetics. Given structural models for mammalian Ctr1, Ctr3a likely functions as a low-efficiency Cu ؉ ion channel. The Ctr1/Ctr3 family may be tuned to import essential yet potentially toxic Cu ؉ ions at a slow rate to meet cellular needs, while minimizing labile intracellular Cu ؉ pools.
Copper (Cu) is an essential metal that drives catalysis for a variety of critical biological processes such as neuropeptide and hormone biogenesis, mitochondrial oxidative phosphorylation, pigmentation, neuropeptide maturation, neutrophil develop-ment, superoxide disproportionation, and connective tissue maturation (1, 2) . Consequently, Cu deficiency in mammals causes defects in iron mobilization and thermoregulation, peripheral neuropathy, skin laxity, hypertrophic cardiomyopathy, and irreversible cognitive impairment (3) (4) (5) (6) (7) . However, the redox active nature of Cu (Cu ϩ , Cu 2ϩ ) generates reactive oxygen species that damage proteins, lipids, and nucleic acids, and the electrochemical properties of Cu drive metal-ligand complex formation, causing inappropriate displacement of other metals, such as zinc and iron, from physiological ligands (8 -10) . Consequently, the influx of Cu must be carefully orchestrated in response to needs, available storage capacity, and the implementation of rheostatically regulated detoxification mechanisms.
Cu acquisition in eukaryotic cells occurs through multiple mechanisms, such as delivery by the multi-Cu oxidase ceruloplasmin in mammals (11) , low-affinity transporters identified in fungi (12) , and via a family of high-affinity plasma membrane transporters pioneered by the functionally redundant Ctr1 (Cu transporter 1) and Ctr3 (Cu transporter 3) proteins in the baker's yeast, Saccharomyces cerevisiae, that are broadly conserved in mammals and other metazoans (13) (14) (15) . Ctr1/3 proteins are characterized by a variable length N-terminal extracellular domain (ectodomain) that is often Met-and His-rich, with three transmembrane domains flanking an intracellular loop and a short cytosolic tail (16 -18) (Fig. 1A) . Genetic, biochemical, and structural studies demonstrate that Ctr1/3 proteins function as a homotrimeric complex in Cu ϩ acquisition (16, 19 -23) . Whereas loss or mutagenesis of the Met or His Cu ligands in the ectodomain reduces Cu import but does not ablate activity, mutagenesis of a MXXXM (X is any amino acid) motif in the second transmembrane domain completely abolishes Ctr1 activity (16, 24) . Also essential for Ctr1/3 function is a conserved glycine zipper motif in the third transmembrane domain rich in Gly, Ala, and Ser residues that facilitates helical packing in transmembrane proteins (25) . Mutation of this motif results in protein instability and proteasomal degradation (22) . The substrate for Ctr1/Ctr3-mediated Cu transport is Cu ϩ rather than Cu 2ϩ , demanding the function of cell-surface metallo-reductases that have been identified in fungi and mammals or an extracellular ligand to provide reduced Cu ϩ to the site of Ctr1/Ctr3-mediated import (26 -28) . Notably, the only observed difference between Ctr1 and Ctr3 Cu ϩ import pro-teins is the utilization of Cys residues, in addition to Met and His, in the ectodomain of Ctr3 (29) .
Genetic studies demonstrate the importance of the Ctr1/ Ctr3 family of Cu importers in diverse eukaryotes. Loss of both Ctr1/Ctr3 Cu importers in yeast results in Cu deficiency in the cytosol, mitochondria, and secretory compartment (16) . Structurally related Cu transporters, Ctr2 in S. cerevisiae and Ctr6 in Schizosaccharomyces pombe, localize to the vacuolar membrane and serve to mobilize vacuolar Cu stores under conditions of extracellular Cu scarcity (30 -32) . Systemic inactivation of the sole identified Cu transporter in mammals, Ctr1, results in embryonic lethality (33, 34) , whereas intestine-specific loss of Ctr1 results in peripheral Cu deficiency and hypertrophic cardiomyopathy (35) , which is recapitulated by a cardiac-specific Ctr1 knockout (36) . Interestingly, inactivation of Ctr1 in the liver reduces hepatic Cu accumulation, while enhancing urinary Cu excretion, suggesting compensatory homeostatic responses to Ctr1 status (37) . In turn, hepatic or cardiac deletion of mitochondrial cytochrome oxidase Cu assembly factor Sco1 results in enhanced Ctr1 turnover or changes in Ctr1 trafficking, respectively (38, 39) . Together, these reports demonstrate the critical function and regulation of Ctr1/Ctr3 Cu ϩ importers in cellular and organismal physiology and Cu homeostasis.
Although we know much about the physiological function of Ctr1/Ctr3 Cu importers, little is known about their mechanism for Cu ϩ import and the structural features that drive Cu ϩ acquisition. For instance, eukaryotes possess two cytosolic Cu ϩ chaperones, Atx1 and CCS, both of which interact with and potentially modulate Ctr1 activity (40 -42) . Additionally, an increase in the Cu-binding tripeptide GSH, present at millimolar concentrations (43) , increases Ctr1-dependent Cu ϩ uptake in cultured cells (44) . Accordingly, depletion of cellular GSH reduces Ctr1-dependent Cu import, suggesting a role for this intracellular Cu-buffering molecule in Ctr1 function. Furthermore, increasing concentrations of both potassium (K ϩ ) and protons (H ϩ ) increases cellular Ctr1-dependent Cu import, raising the possibility that counterions may be required for Ctr1-mediated transport (18) . Although structural changes in Ctr1/3 proteins have been observed in the presence of Cu ϩ ions (45) , and the MXXXM motif in the second transmembrane domain is essential for Cu ϩ import (16, 18, 29) , there is currently no information demonstrating that Ctr1/Ctr3 proteins have intrinsic Cu ϩ transport activity.
Initially Ctr1/Ctr3 proteins were presumed to function as transporters, defined by the possession of two ion gates on opposite sides of the membrane that open in alternating fashion (46) . Indeed, other metal transporters, such as the ZIP and Znt families of zinc transporters (47) (48) (49) (50) and the DMT1 family of iron transporters, function in this manner (51, 52) . The large conformational changes associated with the precisely timed opening of two alternating gates results in substrate transport on the order of ϳ10 1 to 10 3 ions/s for bona fide transporters. In vivo kinetic studies of mammalian Ctr1 revealed a concentration-dependent and saturable rate of transport of ϳ10 1 ions/s, consistent with classical transporter proteins (18, 24, 53) . This is in contrast to ion channels, which are defined by a single ion gate that allows for substrate ions to permeate down a central pore (46) . Due to significantly less structural rearrangement required for channels compared with transporters, channels are capable of substrate transport up to ϳ10 8 ions/s, near the rate of diffusion.
However, the role of Ctr1 as a transporter was challenged by an ϳ7-Å structural model of human Ctr1 that revealed a porelike structure reminiscent of classical ion channels, suggesting that Cu ϩ permeates down the central channel (20, 21) . Additional complexity is introduced by heterogeneity of Ctr1 protein cleavage and localization. Ctr1 exists in cells and mammalian tissues as two separate species: a full-length protein and a proteolytically cleaved protein in which the majority of the metal-binding ectodomain has been removed (54) . As cells that express the ectodomain truncated form of Ctr1 exhibit decreased Cu ϩ accumulation (24) , it is difficult to interpret in vivo Cu uptake kinetics. Moreover, Cu induces clathrin-mediated Ctr1 endocytosis, further complicating the interpretation of in vivo kinetic studies (55) (56) (57) . In the absence of a purified in vitro system, the intrinsic nature by which Ctr1/Ctr3 proteins facilitate Cu ϩ transport across membranes has not been elucidated. One hurdle preventing this level of understanding lies in the difficulties in obtaining pure, stable protein that is amenable to biochemical characterization and the lack of a reconstituted in vitro metal ion transport assay.
To gain mechanistic insights into the mode of action of the Ctr1/Ctr3 family in Cu ϩ import, we mined the genome of a thermophilic fungus, Chaetomium thermophilum, for Ctr1/ Ctr3 family members. Of three homologues identified, two that localize to the plasma membrane functionally substitute for loss of Ctr1 and Ctr3 in baker's yeast. The C. thermophilum proteins are amenable to the addition of affinity tags and biochemical purification and, in contrast to other Ctr1/Ctr3 family members, demonstrate stability after purification. An in vitro reconstituted Ctr1/Ctr3 vesicular metal ion transport assay was developed that validated the intrinsic metal ion transport activity of Ctr1/Ctr3 proteins and the requirement for the MXXXM motif in this process. Moreover, calculation of half-maximal transport (K1 ⁄ 2 ) and ion turnover rate for C. thermophilum Ctr3a demonstrates that this Ctr1/Ctr3 family transports with a high affinity but a surprisingly slow intrinsic rate, potentially to mitigate the toxicity associated with rapid Cu ϩ influx.
Results

The thermophilic fungus C. thermophilum possesses three putative Ctr1/Ctr3 homologues
Functional studies of the Ctr1/Ctr3 family of Cu ϩ importers have largely focused on the in vivo Cu accumulation, trafficking, and physiological defects in fungal, mammalian cell culture, or mouse genetics experiments. However, the in vitro characterization of Cu ϩ transport mechanisms has not been explored, in part due to a lack of stable, purified Ctr1/Ctr3 protein preparations that are amenable to biochemical analysis. To address this, the genome of a thermophilic fungus, C. thermophilum, was inspected for Ctr1/Ctr3 family members, following on the observation that proteins obtained from thermophiles tend to be more stable under purification conditions and therefore amenable to biochemical characterization (58) . BLAST (59) analysis of the C. thermophilum genome revealed three putative Ctr1/Ctr3 homologues. Multiple Sequence Comparison by Log-Expectation (MUSCLE) 3 (60) alignment suggests that two of the proteins are members of the Ctr3 subfamily (herein designated Ct Ctr3a and Ct Ctr3b), with the additional protein classified as a member of the vesicular localized Ctr2/ Ctr6 subfamily (herein denoted Ct Ctr2) ( Fig. 1B) .
In vitro activity of a Cu importer reveals rate of transport
It is interesting to note that, unlike in S. cerevisiae, there are no homologues in C. thermophilum that can be assigned to the Ctr1-like subfamily, bearing a methionine-rich ectodomain. However, among the potential metal-binding residues located in the ectodomain and essential for Cu ϩ transport activity in S. cerevisiae Ctr3 (29), there is conservation of two critical Cys residues and one Met residue in the C. thermophilum Ctr2 and Ctr3 homologues (Fig. 1C ). Additionally, the obligatory MXXXM motif in TM2 and the glycine zipper in TM3 required for helical packing are both present in the Ctr2 and Ctr3 homologues. These observations suggest that the three open reading frames identified in C. thermophilum encode members of the Ctr2 and Ctr3 family of Cu ϩ transporters.
C. thermophilum Ctr3 homologues rescue S. cerevisiae Cu-dependent growth
To test whether the C. thermophilum Ctr2/Ctr3 family members are functional Cu ϩ transporters in vivo, cDNA sequences for each were cloned into an S. cerevisiae expression vector and transformed into strain MPY17 (61), lacking both high-affinity Ctr1 and Ctr3 plasma membrane-localized Cu ϩ transporters. Due to loss of both CTR1 and CTR3, this strain exhibits a deficit in Cu acquisition, resulting in the inability to grow on nonfermentable carbon sources, such as ethanol and glycerol (YPD, ethanol (2%), and glycerol (3%) (YPEG) medium), due to a lack of Cu to support mitochondrial cytochrome oxidase activity, with normal growth on a dextrose carbon source (YPD). In S. cerevisiae, this YPEG growth defect is Residues in white type surrounded by red are strictly conserved, residues in red type surrounded by a blue line possess similar biochemical properties, and residues in black type are not conserved. Asterisks indicate strictly conserved residues that are critical for transport activity.
In vitro activity of a Cu importer reveals rate of transport
suppressed by exogenous Cu, which is imported via low-affinity cell-surface Cu transporters, such as Fet4 (12, 32) .
The human Ctr1 cDNA, fused in-frame to enhanced GFP (hCtr1-EGFP) served as a positive control for the restoration of Cu-dependent growth of the S. cerevisiae ctr1⌬ ctr3⌬ strain on YPEG ( Fig. 2A ). Although MPY17 cells expressing Ct Ctr2 are not capable of growth on YPEG, Ct Ctr3a and Ct Ctr3b robustly restore growth to this strain. Interestingly, when the same cells are plated on synthetic complete (SC) ethanol glycerol (SCEG; SC, ethanol (2%), and glycerol (3%)) medium, which has higher levels of bioavailable Cu, Ct Ctr2 modestly rescues growth ( Fig.  2B ). This phenotype is reminiscent of the S. cerevisiae vacuolar Cu exporter, Ctr2, which is unable to rescue growth on YPEG without exogenous Cu (30) and further supports the hypothesis, based on sequence alignment ( Fig. 1B) , that Ct Ctr2 may function as a Ctr2-like vacuolar Cu transporter protein. The observation that the addition of 50 M Cu to YPEG results in reduced growth for cells expressing Ct Ctr3a, but not the other strains, may be due to high levels of Cu import by Ct Ctr3a that lead to cellular toxicity ( Fig. 2B ). Cells grown in a quantitative liquid assay display similar results, with Ct Ctr2 only able to moderately rescue growth in SCEG media, whereas both Ct Ctr3a and Ct Ctr3b robustly restore Cu-dependent growth (Fig. 2C ).
Differential requirements for N-terminal residues for Cu transport
Previous studies from fungi to humans have demonstrated the contribution of the metal-binding ectodomain in Ctr1/ Ctr3-mediated Cu ϩ transport, with a strict requirement for either two methionine residues or a methionine and cysteine residue located proximal to the first transmembrane domain (16, 24, 28) ( Fig. 1A) . Although less well-conserved and not strictly essential for Cu transport, the ectodomain also typically possesses more distal regions enriched in histidine and methionine residues thought to facilitate accumulation of Cu near the and photographed after 2 days (YPD) or 5 days (YPEG). B, the same cells as in A were plated on minimal agar medium containing either dextrose (SC), ethanol and glycerol (SCEG), or SCEG plus the indicated final CuSO 4 concentrations and photographed after 3 days (SC-His) or 7 days (SCEG-His). C, the same cells as in A and B were inoculated into liquid YPEG or SCEG-His medium, and growth was monitored by optical absorbance.
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entrance of the transmembrane pore. Interestingly, Ctr1/3 family members with large ectodomains possessing many histidine and methionine regions tend to lack cysteine residues, and members containing cysteine residues tend to have shorter ectodomains with fewer histidine and methionine regions (16, 29) . As cysteine shows a higher affinity for Cu ϩ than methionine and histidine (62-64), the evolutionary or physiological rationale for the use of cysteine as opposed to histidine and methionine may be suited to the particular extracellular environment encountered.
The three C. thermophilum proteins identified in this study possess hybrid ectodomain characteristics, containing both distal regions of histidine and methionine residues while also harboring proximal cysteine residues, and it is not immediately apparent which are required for Cu transport (Fig. 3A) . The importance of these ectodomain residues in Cu ϩ transport was ascertained by first deleting the distal portion of the ectodomain and thus removing the histidine and methionine regions as well as the distal cysteine (trunc1 mutants). In a similar fashion to the trunc1 mutants, a second group of truncation mutants was created that retain only three additional residues compared with the trunc1 mutants (trunc2 mutants). Despite lacking 14 Met, His, and Cys residues, the Ct Ctr2 trunc1 mutant modestly rescues growth on SCEG ( Fig. 3B ), in a similar fashion to full-length Ct Ctr2 (Fig. 1B ). This suggests that the N terminus of Ctr2 is dispensable for Cu transport activity. In contrast, the Ctr3a and Ctr3b trunc1 mutants are unable to rescue growth. All trunc2 mutants rescued growth on SCEG, to varying extents, suggesting that the additional Cys residue present in the trunc2 mutants is essential for Cu transport in Ctr3a and Ctr3b but dispensable for Ctr2. These results reveal key features of Cu transport that differ between the three C. thermophilum Cu ϩ transporter family members.
Ctr2 displays characteristics of Ctr2-like family proteins
To gain insights into the localization and function of C. thermophilum Ctr2, Ctr3a, and Ctr3b, EGFP was fused to the C terminus of each reading frame to allow for localization. Moreover, to facilitate the generation of protein derivatives amenable to purification and in vitro reconstitution, the intrinsically disordered C terminus was removed and replaced with a tandem His 8 , StrepII affinity purification tag that is cleavable via TEV protease to allow for protein isolation. In a final set of mutants, the distal cysteine residue of the N terminus was mutated to alanine, and the critical MXXXM motif was mutated to LXXXL. (Fig. 4A ). Both the addition of EGFP and the affinity tag do not alter the ability of Ctr2 to modestly rescue growth on YPEG (Fig. 4B ). However, mutation of the Ctr2 MXXXM motif to LXXXL in the second transmembrane domain did not support growth on SCEG. As is characteristic for Ctr2 in S. cerevisiae, and in agreement with N-terminal deletion experiments (Fig. 3B ), the C30A mutation showed no reduction in growth, further supporting the notion that this protein depends on similar residues as does the S. cerevisiae Figure 3 . Dependence on metal binding ectodomain for Cu transport function. A, MUSCLE alignment of the Ctr2, Ctr3a, and Ctr3b ectodomains from WT, trunc1, and trunc2 proteins with the predicted metal-binding residues Met, His, and Cys shown in red, blue, and green, respectively. Asterisks, residues predicted to be necessary for Cu transport based on prior work referenced herein. B, S. cerevisiae ctr1⌬ctr3⌬ cells (strain MPY17) were transformed with plasmids expressing the indicated proteins, plated on the indicated media, and photographed after 3 days (SC-His) or 7 days (SCEG-His).
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vacuolar Ctr2 Cu ϩ exporter (30, 32, 65) . Immunoblot analysis reveals that the Ct Ctr2 tag variants are expressed at similar levels (Fig. 4C ), and fluorescence microscopy revealed that Ct Ctr2 localizes to the vacuole (Fig. 4D ). These results confirm that Ct Ctr2 is a Ctr2-like protein that likely functions in vacuolar Cu ϩ export.
Protein sequence alignment ( Fig. 1B ) and functional analysis of ectodomain truncation mutants ( Fig. 3B ) suggest that C. thermophilum Ctr3a and Ctr3b are in the Ctr1/3 family of plasma membrane Cu ϩ transporters. As expected, mutation of either the MXXXM motif to LXXXL or the distal ectodomain Cys to Ala resulted in loss of function in supporting growth on YPEG (Fig. 5A ). Immunoblot analysis demonstrates that the proteins are expressed, with that expressed from the Cys-to-Ala mutant alleles showing decreased protein levels for both Ctr3a and Ctr3b (Fig. 5B) , similar to what is observed for the S. cerevisiae Ctr3 Cys mutant (29) . Electrophoretic fractionation of Ctr3b resolves multiple species, with the lower band corresponding to the predicted molecular weight of the primary translation product, whereas the others may correspond to glycosylated species that have been observed for Ctr1/3 family members in other fungi (66 -68) . Additionally, a C-terminal His 8 /StrepII tag with a cleavable TEV protease site, or fusion to EGFP, allows for rescued growth of S. cerevisiae on YPEG and reveals that the proteins localize to both the plasma membrane and vacuolar membrane, a common feature for membrane proteins overexpressed in S. cerevisiae (69) (Fig. 5C ). 
In vitro activity of a Cu importer reveals rate of transport C. thermophilum Ctr3a and Ctr3b support uptake of Cu and Ag in vivo
To determine whether expression of the C. thermophilum Ctr2, Ctr3a, and Ctr3b alter Cu levels in S. cerevisiae MPY17, ICP-MS analysis was used to measure total cell-associated Cu levels ( Fig. 6A ). Expression of human Ctr1 strongly increased cellular Cu levels compared with cells harboring the empty vector. Expression of C. thermophilus Ctr3a and Ctr3b, but not Ctr2, led to increased cell-associated Cu levels, paralleling their ability to rescue growth on nonfermentable carbon sources. In addition, the same trend was observed for Ag accumulation in growing cells that were pulsed with AgNO 3 (Fig. 6B ). Previous studies have shown that Ctr1/3 family members mediate transport of Ag ϩ , as this ion is isoelectronic to Cu ϩ (70). Furthermore, growth analysis of cells exposed to increasing concentrations of AgNO 3 reveals that both Ctr3a and Ctr3b mediate AgNO 3 toxicity at levels under 10 nM, with Ctr2 driving AgNO 3 toxicity at higher AgNO 3 concentrations (Fig. 6C) . Mutation of the MXXXM motif to LXXXL abolished AgNO 3 toxicity, indi-cating that a transport-competent Ctr2 or Ctr3 protein is required for this observation.
Ctr3a variants are stable and amenable to biochemical characterization
As Ctr3a in MPY17 shows no signs of posttranslational modification and drives the highest level of Cu and Ag accumulation, we sought to purify Ctr3a for in vitro characterization of metal transport activity. The coding region for Ctr3a tag and the inactive Ctr3a tag LXXXL mutant were cloned into a galactose-inducible, glucose-repressible plasmid and transformed into S. cerevisiae strain RSY620. After induction of expression, membrane preparations were isolated, integral membrane proteins were detergent-solubilized with 2% (w/v) dodecyl-␤-D-maltopyranoside, and Ctr3a was isolated and purified by Ni-NTA chromatography followed by size-exclusion chromatography. Analytical chromatography revealed a monodisperse protein population that elutes at the predicted size for both trimeric Ctr3a and Ctr3a LXXXL proteins (Fig. 7 (A and B) , Figure 5 . C. thermophilum Ctr3a and Ctr3b are plasma membrane-localized transporters. A, S. cerevisiae ctr1⌬ctr3⌬ cells (strain MPY17) were transformed with plasmids expressing the indicated proteins and plated on media to assay growth. B, immunoblot from Triton X-100 -solubilized protein extracts from selected transformants in A probed with anti-His 6 antibody or anti-PGK antibody. C, cells from A were visualized by fluorescence microscopy and photographed. DIC, differential interference contrast.
In vitro activity of a Cu importer reveals rate of transport black traces). To assess their stability, these preparations were stored at 4 ºC for 7 days and re-evaluated by size-exclusion chromatography (Fig. 7 (A and B) , red traces). Although small deviations in the distribution profile appeared over time, both proteins remained largely monodisperse. Whereas many cellbased assays and knock out experiments in fungi and metazoans demonstrate a requirement for Ctr1/3 family members in Cu or Ag accumulation, no reports demonstrate protein-intrinsic metal transport activity. Based on the ease of purification of Ctr3a and Ctr3a LXXXL and their observed stability, we sought to use these proteins to create a proteoliposome-based reconstituted in vitro metal transport assay. Initially, a number of lipid variations were evaluated for proteoliposome reconstitution, including the defined synthetic lipids dioleoyl-phosphatidylethanolamine, dioleoyl-phosphatidylglycerol, and dioleoyl-phosphatidylcholine as well as complex polar lipids isolated from Escherichia coli, S. cerevisiae, and chicken egg yolks. Multiple combinations of lipids were evaluated by formation of liposomes followed by introduction of Ctr3a tag and Ctr3a tag LXXXL along with the fluorescent reporter Phen-Green SK (PGSK) (Fig. 7C ). PGSK is composed of a phenanthroline-derived moiety, which has broad metal-chelating properties, linked to a fluorescein derivative in a manner that results in fluorescence quenching at 530 nM upon stable binding to metal (71) (72) (73) (74) (75) . Multiple rounds of freeze-thaw followed by extrusion encapsulated PGSK and induced a scrambled transporter orientation (76) . Although many different synthetic lipids as well as complex polar lipids have been utilized in in vitro assays for other metal transporters (77-79), we were not able to obtain desirable results with these lipids despite numerous tested combinations (data not shown). Rather, polar lipids isolated from chicken egg yolks, which have been used to successfully establish an in vitro transport assay for the mitochondrial Cu importer SLC25A3 (80), displayed desirable characteristics. SDS-PAGE analysis of the final unilamellar proteoliposomes shows protein purity and successful insertion into the lipid bilayer ( Fig. 7D) .
Because the scrambled orientation of Ctr3a is expected to generate both inward-facing and outward-facing proteins, this will allow for an equilibrium of metal ions to be reached between the inside and outside of the vesicle (Fig. 8A) . The increase in lumenal metal concentration will result in quenching of PGSK and a decrease in fluorescent signal. Due to the redox nature of Cu and previous reports demonstrating that Ctr1/3 family proteins can transport Ag ϩ , this assay was developed using the redox-stable, Cu ϩ mimetic Ag ϩ (70) .
Utilizing a stopped-flow spectrometer for kinetic analysis, proteoliposomes encapsulating PGSK and incorporating either 
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no protein, Ctr3a tag, or Ctr3a tag LXXXL were mixed 1:1 with a 1 mM solution of pH 7.4 AgNO 3 , and fluorescence was monitored at 532 nm (Fig. 8B ). Proteoliposomes containing Ctr3a tag displayed rapid fluorescence quenching, indicating Ag transport across the lipid bilayer, whereas liposomes lacking Ctr3a, as well as proteoliposomes reconstituted with Ctr3a tag LXXXL, displayed little time-dependent fluorescence quenching. Notably, Ag transport was achieved without the addition of a counterbalancing ion, ATP, or additional accessory factors (18) . Moreover, the incorporation of multiple concentrations of Ctr3a tag into liposomes demonstrated a protein dose dependence for Ag transport (Fig. 8C ). Increasing the amount of Ctr3a protein both increased the rate of transport and altered the steady-state fluorescence levels, indicating that at these concentrations of Ctr3a, there exist a population of vesicles without any transporter. Nonetheless, the initial velocity of transport remained linear over the Ctr3a concentrations used (Fig. 8D) .
Having established conditions for Ctr3a-mediated Ag transport in vitro, the rate of Ag transport was determined in the reconstituted system. Proteoliposomes were mixed 1:1 with increasing concentrations of AgNO 3 , and fluorescence was monitored (Fig. 8E ). An AgNO 3 dose-dependent fluorescence quenching was observed, and equilibrium between Ag ϩ transport into and out of proteoliposomes was rapidly achieved. However, at lower concentrations of Ag ϩ (e.g. 15 M), transport equilibrium was not reached over the time course of the experiment. Examination of the kinetic parameters of transport indicates an apparent transport affinity of 8.8 M Ag ϩ , similar to previous reports for both fungal and mammalian Ctr1/3 family members in cultured cells (14, 15, 18, 24, 53, 67, 81) (Fig. 8F) . Furthermore, the observed turnover rate for Ag ϩ was calculated at 1.2 ions/s, in agreement with in vivo studies for human Ctr1 (53), suggesting a conserved rate of transport for Ctr1/ Ctr3 family members from fungi to human origin.
Discussion
The Ctr1/3 family of high-affinity Cu ϩ transporters were discovered nearly 25 years ago via yeast genetics studies (14, 15) . Work in fungi and mice has demonstrated the importance of Figure 7 . C. thermophilum Ctr3a purification, stability, and incorporation into proteoliposomes. A, Ctr3a tag was expressed in S. cerevisiae, extracted from solubilized membrane preparations, and purified via Ni-NTA affinity chromatography followed by size-exclusion chromatography (day 0). Peak fractions were pooled. After 7 days at 4°C, the pooled sample was re-analyzed by size exclusion chromatography (day 7). B, the Ctr3a tag LXXXL protein was purified and analyzed as in A. C, workflow depicting steps for incorporation of purified Ctr3a proteins into unilamellar proteoliposomes. D, stain-free SDS-polyacrylamide gel of proteoliposomes without protein (Empty vesicle), with Ctr3a tag and with Ctr3a tag LXXXL. Molecular weight markers are indicated with mass in kDa.
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this family for Cu acquisition, because loss of Ctr1/Ctr3 function results in Cu and iron deficiency; defective activation of Cu,Zn-superoxide dismutase, cytochrome oxidase, and other Cu-dependent enzymes such as laccase or tyrosinase; and intestinal Cu absorption and tissue-specific defects in mice (1, 2, 82) .
Although the importance of Cu acquisition and utilization for normal physiology is clear, there is currently a poor understanding of the molecular mechanisms by which these proteins facilitate the transduction of Cu ϩ through the plasma membrane or across endosomal membranes. Mutagenesis experiments have revealed key Ctr1/Ctr3 amino acid residues and regions that are required for Cu ϩ movement or that support this process, and structural studies provide an overall under-standing of the organization of the homotrimeric subunits and a potential channel through which Cu ϩ ions would permeate (16, 19 -22, 24) . Our goal here was to identify, characterize in vivo, and purify Ctr1/Ctr3 family members and generate a reconstituted metal ion transport system in vitro using purified components. Using a thermophilic fungus, C. thermophilum, we identified and functionally validated two Ctr3 family members that function in Cu ϩ import and a Ctr2 family member that likely functions in vacuolar Cu ϩ mobilization, similar to the Ctr3 and Ctr2 family members found in other fungi (29 -31) . The newly classified Ctr3a and Ctr3b proteins display characteristics of Ctr1/3-like plasma membrane Cu ϩ transporters from other fungi in that they require a tract of cysteine/methi- In vitro activity of a Cu importer reveals rate of transport onine residues located in the ectodomain and second transmembrane domain, with mutations of these residues leading to an inactive or severely dampened transporter (16, 24) . The presence of multiple cysteine residues in the ectodomain raises the possibility that oxidation or disulfide bond formation may influence Cu transport. However, because some members of the Ctr1/3 family completely lack cysteine residues in the ectodomain, it is unlikely that their involvement in regulation of Cu transport is widely conserved. C. thermophilum Ctr2 displays characteristics of Ctr2 and Ctr6-like vacuolar transport proteins found in S. cerevisiae and S. pombe, respectively, and does not require the distal cysteine that is required for Ctr3a, Ctr3b, and S. cerevisiae Ctr3 (30, 31) . Mutagenesis and functional analysis in S. cerevisiae Cu ϩ transport-defective mutants support these functional roles and their dependence on regions and residues that are structurally and functionally conserved in high-affinity Cu ϩ transporters from fungi to mammals. Thus, observations made with the C. thermophilum Cu ϩ transporters are likely to be mechanistically relevant to those found across a broad swath of evolutionary divergence.
The intrinsic stability of the C. thermophilum Cu ϩ transporters, and specifically Ctr3a, allowed the facile purification of this protein for incorporation into liposomes. This reconstituted system exploited the metal binding-dependent quenching of PGSK autofluorescence, coupled with the use of Ag ϩ to mimic Cu ϩ ions, thereby obviating the need for the inclusion of Cu 2ϩ reductases that stimulate the activity of fungal Cu ϩ transporters in vivo (26, 65, 83) . The use of Ag ϩ in these assays is further validated by the ability of Ctr3a and Ctr3b, and to a lesser extent Ctr2, to enhance both Cu and Ag accumulation and Ag-induced toxicity, when expressed in S. cerevisiae ctr1⌬ ctr3⌬ cells. Whereas there may be differences in the transport of Ag ϩ compared with Cu ϩ in these assays, the generation of an in vitro Ctr3a-dependent transport assay could make mechanistic predications that could be validated by the use of Cu 2ϩ and a source of reducing power.
The Ctr3a-containing proteoliposomes demonstrated a time-, protein-, and Ag ϩ concentration-dependent transport of Ag ϩ into the lumen, as measured by PGSK fluorescence quenching. Due to the bidirectional equilibrium of Ctr3a, an equilibrium of luminal Ag ϩ ions with that found in the extravesicular environment was achieved over time. Of importance are the observations that Ctr3a and, by inference, other Ctr1/Ctr3 family members have intrinsic metal ion transport activity independent of Cu-binding chaperones or counterions and do not serve as protein co-factors that are essential for the activity of as yet unidentified high-affinity Cu ϩ transporters. Moreover, consistent with previous reports demonstrating that inhibition of ATP synthesis does not alter Cu uptake dynamics in cell culture (18) , no dependence on nucleotide hydrolysis was observed for Ctr3a-mediated Ag ϩ transport.
It is interesting to note that whereas fungi, including S. cerevisiae, S. pombe, Cryptococcus neoformans, and C. thermophilum, encode two functionally redundant Ctr1/Ctr3 proteins for plasma membrane Cu ϩ transport and one Ctr2-like protein for vacuolar Cu ϩ efflux (84), mammals express a single, essential high-affinity Cu ϩ transporter, Ctr1, that is found both at the plasma membrane and on endosomal compartments (54) . Previous work suggests that the metal-binding ectodomain of mouse and human Ctr1 assists with the import of Cu ϩ across the plasma membrane but is inhibitory for Cu ϩ mobilization from the interior of an endosomal compartment (16, 18, 24) . Furthermore, an endosomal cysteine protease, cathepsin L, works in conjunction with a Ctr1-related protein, Ctr2, to cleave the Ctr1 ectodomain. This creates a truncated form that supports endosomal Cu export in a similar fashion to the dedicated fungal vacuole transporters (54) . There are also notable differences between S. cerevisiae and C. thermophilum Ctr2like proteins and Ctr1/3 proteins in the residues necessary for Cu transport in the metal-binding ectodomain. As the acidic interior of an intracellular vesicle is markedly different from the more neutral pH of the extracellular space, differences in Ctr1/ Ctr3 ectodomain composition may be used to properly control Cu ϩ transport in distinct environments. The tools developed here provide the experimental basis for dissection of the mechanism of action and the role of chaperones and other ligands as well as physiological conditions on Cu ϩ transport mediated by plasma membrane versus endosomal fungal Cu ϩ transporters and by full-length versus truncated mammalian Ctr1.
Several additional questions remain regarding the nature of Ctr1/Ctr3-mediated Cu ϩ transport. The observed rate of transport in vitro and in vivo is on the order of ϳ10 1 ions/s, which is within the range of rates observed for transporters controlled by gates on both sides of the membrane and would support the original classification that this family of proteins functions as a transporter. However, the ϳ7-Å cryo-EM structural model for human Ctr1 (20) depicts a central pore though which Cu ϩ ions would transit, reminiscent of single-gate ion channels that display transport rates of 10 4 to 10 8 ions/s. Previous studies suggest that the metal-binding ectodomain assists with transport in vivo, as mutants lacking this ectodomain display significantly slower rates of Cu accumulation (16, 24) . Thus, the N terminus of the transporter does not function as a rate-limiting gate and cannot be responsible for the observed slow transport. On the other hand, deletion of the Ctr1 cytosolic C-terminal tail increases the observed rate of Cu transport in mammalian cells (53) . Thus, perhaps the C terminus of Ctr1/Ctr3 proteins functions in a gate-like fashion to inhibit the rapid inflow of Cu into cells, which would have the potential for toxicity. Further structural information, ideally in the form of high-resolution models comprising the apo and Cu ϩ -bound states, will be necessary to determine whether Ctr1/3 proteins function as transporters with an ion channel-like central pore or as ion channels with uncharacteristically slow kinetics. Additionally, the assay developed here could be used to assess the relationship between rate of transport and temperature. Because transporters require large protein domain reorganizations to exert their function, they show a much higher dependence on temperature than do channels (85) .
Also, now amenable for study is the influence of intra-and extracellular factors on the rate of Ctr1/3-mediated transport. Previous studies have shown that changes in pH can alter Ctr1/ 3-mediated cellular Cu import (18) . By modulating the intraand extravesicular pH, the in vitro transport assay developed here will enable direct assessment of role that pH plays in Ctr1/3 transport. Furthermore, extracellular Cu donors, such
In vitro activity of a Cu importer reveals rate of transport as albumin and ceruloplasmin, have been proposed as the source for cellular Cu import (11, 86) . Comparisons in the rate of transport between donor-loaded metal complex versus free metal would enable further exploration of the biological source for Ctr1/3 Cu import. Additionally, the intracellular copper chaperones Atx1 and CCS, as well as GSH, have been suggested to directly interact with the C terminus of Ctr1/3 proteins (40 -42, 44) . By encapsulating an intracellular Cu acceptor inside Ctr3a proteoliposomes, followed by the addition of PGSK-metal complex and monitoring the increase in fluorescence resulting from Ctr1/3-mediated transport, the effect of intracellular Cu acceptors on the rate of Ctr1/3 transport can be interrogated. Furthermore, cell culture experiments have documented a mutant in human Ctr1, H139R, that significantly increases Cu transport. Because this mutation also decreases Ctr1 endocytosis (53) , it is difficult to understand whether the mechanism for increased Cu transport is due to a higher turnover rate or a longer residence time at the plasma membrane. The in vitro metal transport assays developed here can be used to directly address questions about the roles played by specific Ctr1/Ctr3 residues and the influence of intracellular Cu chaperones, GSH, or other ligands on the transport process and to decipher detailed mechanisms for the permeation of Cu ϩ ions across a variety of cellular compartments.
Experimental procedures
Yeast strains and plasmids S. cerevisiae strains MPY17 and RSY620 used in this study have been described (14, 61) (Table S1 ). Cells were routinely grown in selective media with agitation at 30°C. All yeast plasmids were created by subcloning into the p413GPD or p423Gal backbone at the SpeI and XhoI restriction enzyme sites (87) (Data S1). For the creation of plasmids containing C. thermophilum Ctr2 or Ctr3 cDNA variants, codon-optimized gBlocks (Integrated DNA Technologies) were synthesized. Point mutations were created using the QuikChange II site-directed mutagenesis kit (Agilent Technologies).
Phylogenetic analysis
Ctr2 and Ctr3 protein sequences from the indicated species were identified and retrieved from the NCBI Protein database by iterative BLAST searches (59) . A multiple-sequence alignment was created using MUSCLE (60) .
Functional complementation assays
S. cerevisiae ctr1⌬ctr3⌬ cells (strain MPY17) were transformed with the indicated plasmids and grown to exponential phase in selective media with agitation at 30°C. For solid medium assays, 10-fold serial dilutions were spotted on YPEG, YPEG containing 50 M copper, SCEG, or SCEG containing 10 or 50 M copper and containing 1.5% agar; incubated for 3-7 days at 30°C; and photographed. For liquid medium assays, cells were diluted to a starting dilution of 0.002 A 600 in either YPEG or SCEG and incubated at 30°C with shaking. Optical absorbance was measured at the indicated times. Experiments were performed in triplicate.
Fluorescence microscopy
S. cerevisiae ctr1⌬ctr3⌬ cells (strain MPY17) were transformed with the indicated plasmids and grown in selective media to exponential phase at 30°C, washed at room temperature, and resuspended in PBS before dispensing onto a microscope slide containing an agar pad. The slide was covered with a No. 2 coverslip, sealed with Vaseline, and imaged on a Zeiss Axio Imager microscope.
Protein extraction and immunoblotting
For the preparation of protein extracts, yeast cell pellets were resuspended in ice-cold radioimmune precipitation assay buffer (Cell Signaling Technology) and supplemented with protease inhibitors (Halt Protease Inhibitor Mixture, Thermo Scientific). Cell suspensions were lysed via three cycles of 1 min on, 1 min off bead beating with 0.1-mm glass beads (Sigma-Aldrich) at 4°C in a Mini-Beadbeater-16 (BioSpec Products) and centrifuged at 20,000 ϫ g at 4°C for 10 min, and supernatants were collected. Protein concentrations were measured with the BCA protein assay kit (Thermo Scientific). SDS-PAGE and immunoblotting were carried out by standard protocols. Antibodies used were anti-His 6 (Sigma-Aldrich) and anti-phosphoglycerate kinase (PGK; Invitrogen). Horseradish peroxidaseconjugated anti-mouse IgG (GE Healthcare) was used as secondary antibody for immunoblotting.
Metal analysis
Total cell-associated copper or silver was measured by ICP-MS (model 7500cs, Agilent, Santa Clara, CA). Briefly, logphase yeast cells were grown in SC-His medium (MP Biomedicals) normalized to cell number, washed, and harvested into acid-washed 1.5-ml microcentrifuge tubes. For measurement of silver, cells were co-cultured with 1 M AgNO 3 for 60 min before harvest. Yeast pellets were dissolved 1:10 (w/v) with trace analysis grade nitric acid (Sigma). All samples were then heated at 85-95°C for ϳ1 h before analysis.
Statistical analysis
All results are presented as mean with error bars indicating the S.E. Significance was assessed by paired Student's t test and is indicated as follows: *, p Ͻ 0.05; **, p Ͻ 0.01; ****, p Ͻ 0.0001.
Ctr3 expression and purification
Ctr3 proteins were expressed from a p423Gal plasmid with a C-terminal His 6 /StrepII tag. Plasmids were transformed into S. cerevisiae pep4⌬ cells (strain RSY620), as this genetic background contains significantly reduced vacuolar protease activity, and single colonies were selected for overnight growth in 3 ml of SC-His medium (88). 1 ml of culture was inoculated into 25 ml of SC-His medium containing dextrose (repressing conditions). After overnight growth, 25 ml of culture was inoculated into 750 ml of SC-His medium in which the carbon source was raffinose rather than dextrose (nonrepressing, noninducing conditions). When absorbance reached A 600 of 0.8, 250 ml of 4ϫ YPGal (galactose, promoter-inducing conditions) was added to induce Ctr3 protein expression. After ϳ24 h of growth, cells were harvested and lysed in 50 mM NaPO 4 (pH In vitro activity of a Cu importer reveals rate of transport 7.4) , 300 ml of NaCl, 10% glycerol, and 5 mM tris(2-carboxyethyl) phosphine via 30 cycles of 1 min on, 1 min off bead beating with 0.1-mm glass beads (Sigma-Aldrich) on ice in a 350-ml Bead-Beater (BioSpec Products). Cell debris was pelleted by centrifugation at 6,000 ϫ g for 15 min at 4°C. Membranes were isolated from the supernatant by ultracentrifugation at 180,000 ϫ g for 1 h at 4°C and solubilized with lysis buffer containing 2% (w/v) n-dodecyl-␤-D-maltopyranoside overnight. Samples were ultracentrifuged at 180,000 ϫ g for 1 h at 4°C to remove insoluble material, and Ni-NTA chromatography was performed to isolate His 6 -tagged proteins using lysis buffer with 0.05% (w/v) n-dodecyl-␤-D-maltopyranoside. Elutions were collected and fractionated over an S200 size-exclusion column on an ÄKTA Pure FPLC (GE Healthcare). Proteins were concentrated to 1 mg/ml via Amicon Ultra centrifugal filters (EMD Millipore).
Lipid isolation and purification
Two dozen Grade A chicken eggs were purchased from a local grocer, and polar lipids were isolated via a modified Bligh/ Dyer extraction (89) . Specifically, eggs were cracked, and yolks were mechanically separated into a glass beaker. A 2:1 mixture of chloroform/methanol was added to egg yolks until the final volume was 20 times the initial volume of egg yolks, and the mixture was stirred at room temperature for 20 min. Insoluble material was pelleted by centrifugation at 4,000 ϫ g for 10 min at room temperature. Liquid was decanted into a separatory funnel containing 0.2 volumes of 3 M NaCl and vigorously shaken. After phase separation, the chloroform layer was collected, and this step was repeated until no white fluffy material was present at the phase interface. After sufficient washing, chloroform was evaporated via rotovap to yield a viscous yellow oil. To precipitate polar lipids, a 10ϫ volume of acetone was then added and mixed vigorously. Centrifugation at 4,000 ϫ g for 10 min pelleted the insoluble polar lipids, and the colored liquid was discarded. This step was repeated until no color was present in the acetone wash. Remaining acetone was evaporated under a nitrogen stream, and lipids were weighed.
Proteoliposome formation
Polar egg yolk lipids were then suspended in 10 mM HEPES, pH 7.4, at a concentration of 20 mg/ml via sonication to create small unilamellar vesicles. Vesicles were then subjected to three freeze thaw cycles to create large multilamellar vesicles. Vesicles were then extruded through a 400-m polycarbonate filter to create large unilamellar vesicles and diluted 5ϫ with 10 mM HEPES, pH 7.4, plus 25% glycerol. Triton X-100 was then added to a final concertation of 2% (v/v) to destabilize vesicles. Ctr proteins were then added to the desired concentration, and the vesicle/protein/detergent mixture was incubated with gentle rocking at room temperature for 30 min. Liposomes were made parallel to proteoliposomes as a protein-free control. To remove detergent, 200 mg of Bio-Beads SM-2 (Bio-Rad) per 5 ml of vesicle/protein/detergent mixture was added. Samples were incubated with gentle rocking for 30 min at 4°C. An additional 200 mg of Bio-Beads SM-2 per 5 ml was added and incubated with gentle rocking for 60 min at 4°C. An additional 200 mg of Bio-Beads SM-2 per 5 ml was then added and incubated with gentle rocking overnight at 4°C. A final addition of 200 mg of Bio-Beads SM-2 per 5 ml was added, and samples were incubated with gentle rocking for 2 h at 4°C. Bio-Beads were then removed by filtration over disposable Polyprep columns and diluted with 10 mM HEPES, pH 7.4, to a final glycerol concentration of 2%. Proteoliposomes were harvested by ultracentrifugation at 180,000 ϫ g for 1 h, resuspended to a concentration of 20 mg of lipid/ml in 10 mM HEPES, pH 7.4, and PGSK (Thermo Fisher Scientific) at a final concentration of 200 M. Ctr3 orientation was scrambled, and PGSK was incorporated into proteoliposomes by five freeze thaw cycles and extrusion through a 400-m polycarbonate filter. Unincorporated PGSK was removed via Zeba Spin desalting columns (Thermo Fisher Scientific), and protein incorporation into the proteoliposomes was validated by SDS-PAGE analysis.
In vitro metal transport assays
Stopped-flow fluorescence kinetic experiments were performed on an Applied Photophysics SX20 instrument at 25°C. Samples were mixed in an observation cell with a 2-mm path length and excited at 506 nm with a slit width of 1 mm. Emitted light was detected through a 532-nm high-transmitting band pass filter (Andover Corp.). Experiments were performed by mixing proteoliposomes or liposomes with AgNO 3 solutions at a ratio of 1:1. Kinetic traces were collected over 20 s. All traces were the cumulative average of three independent recordings. Baseline fluorescence for each sample was measured by mixing proteoliposomes or liposomes with buffer only. Maximum florescence change was measured for each sample by adding 1 mM AgNO 3 to proteoliposomes or liposomes before mixing with 1% (w/v) octyl ␤-D-glucopyranoside (Anatrace) to permeabilize membranes, and all stopped-flow traces were normalized to a maximum response elicited by detergent solubilization. Background traces collected from liposome samples without PGSK were subtracted, yielding net fluorescence responses. Conversion of relative fluorescence to luminal Ag ϩ concentration in vesicles was calculated by creating a standard curve of the PGSK fluorescence response after the addition of a known AgNO 3 concentration in the same buffer conditions in the absence of vesicles. All experiments were performed in triplicate. K1 ⁄ 2 , V max , and turnover number were calculated using nonlinear regression curve fitting through the least-squares method of Michaelis-Menten kinetics (GraphPad). 
